Abstract. This study evaluated the relationship between the productivity of aboveground coarse woody biomass and species richness at individual species and community levels in two large and fully stemmapped temperate forest plots in northeastern China. Although productivity-diversity relationships (PDRs) have been investigated for different forest ecosystems, specific patterns have rarely been documented for individual species. In our study, the PDR patterns were found to be scale dependent at the community level in both research forests. Productivity is positively linked with species richness at the 20 × 20 m sampling scale. At the 40 × 40 m scale, however, significantly positive PDRs were only observed in the mature forest. A summary statistic combining both productivity and richness characteristics was used to investigate whether and at which spatial scale individual species show positive, negative, or neutral PDRs. The results show that 66.7% of all focal species exhibited positive or negative PDRs in the near-mature forest, while 64.3% exhibited positive or negative PDRs in the mature forest. Contrary to expectations, there were few species showing positive PDRs in either forest. PDR patterns were found to be scale dependent in both forest types: Negative PDRs dominate at close neighborhoods in the nearmature forest, while both positive and negative PDRs were found in the mature forest. To our knowledge, this is the first analysis that evaluates the PDRs of individual species based on facilitative and competitive effects in their neighborhoods.
The relationship between productivity and diversity (PDR) has generated much interest. However, so far, it has not been possible to establish general patterns and principles that are valid for different forest communities. Positive and negative PDRs have been documented (Waide et al. 1999 , Mittelbach et al. 2001 , Pfisterer and Schmid 2002 , Witman et al. 2008 . The prevailing viewpoint is that productivity is unimodally correlated with species diversity (Goldberg and Miller 1990, Wilson and Tilman 1991) .
Although underlying mechanisms driving the PDRs remain largely unexplored, they have primarily been explained by a "compensation hypothesis" and a "sampling effect hypothesis" (Loreau and Hector 2001) . The compensation hypothesis claims that species richness contributes to an increase in forest productivity because of niche differentiation and interspecific facilitations (Tilman et al. 1997b , Hector 1998 2001). Thus, more of the available resources can be exploited while recognizing the differences in the competitive ability of plant species. The relative competitive ability of species varies among niches within a heterogenous environment, in which "niches" can be regarded as a collection of sites with different environmental conditions (Levene 1953 , Seifert et al. 2014 ). Under such conditions, species diversity can be maintained through species coexistence.
The sampling effect hypothesis claims that a forest community with higher diversity potential has more species with a greater average productivity than a community with a lower diversity (Loreau and Hector 2001) . Sample plots may contain many or few species. The greater the proportion of more productive species in a plot, the greater the total productivity in that plot.
The ecological mechanisms shaping the PDRs may involve competitive and facilitative interspecific interactions, dispersal limitations, environmental heterogeneity and disturbances (Cardinale et al. 2000 , Mulder et al. 2001 , Weiner 2001 , Rajaniemi 2003 , Zobel and Pärtel 2008 , Morin et al. 2014 . For example, competitionbased hypotheses (Rajaniemi 2003) , interspecific facilitation (Xiao et al. 2009 ), and dispersal limitations Zobel 2007, Venail et al. 2008) have been used to explain the formation of a unimodal PDR. Facilitation involves a cooperative relationship between different species that results in better growth, reproduction, and/ or survival of at least one species without negatively affecting the other species (Hacker 2009 ). Mulder et al. (2001) considered facilitation to be an important mechanism linking high productivity to high diversity, especially under stressful environmental conditions. The PDRs have been studied at different ecological scales, involving local communities, across-community levels, and global scales (Waide et al. 1999) . At small scales, almost all species contribute significantly to the accumulated local community diversity (Zhang et al. 2014) . Furthermore, the "sampling effect" also implies that the positive PDR is driven by the presence or absence of certain key species, rather than by species richness (Adler and Bradford 2002) , because the actual interactions usually occur at the individual's immediate neighborhood (Kenkel 1991) . Traditional studies seem to have mainly focused on the community level and too little on the performance of specific species.
Our observational studies represent two extremes with respect to topographic variation: The near-mature forest (NMF) shows high topographic effects on species distribution (Zhang et al. 2012b) , while the mature forest (MF) shows low topographic effects. We will evaluate the PDRs of individual tree species by analyzing the specific relationship between their biomass productivity and the diversity in their vicinity. Accordingly, this study explores the PDR patterns at both individual species and local community levels. In particular, we will identify species-specific positive, negative, or neutral PDRs within close neighborhoods. We will also study the scale effects: At what scales can the PDRs be explained by interspecific interactions?
MaterIals and Methods

Study area
The study was carried out in two mixed broadleaf-conifer temperate forests (Li et al. 2001) located in the Jiaohe Management Bureau of the Forest Experimental Zone in Jilin Province, northeastern China. The mean annual temperature is 3.8°C, while the mean day temperatures of the hottest (July) and the coldest month (January) are 21.7°C and −18.6°C, respectively. The mean annual precipitation is 695.9 mm. According to the Chinese soil taxonomy (Institute of Soil Science, CAS 2001), the soil type is a dark brown forest soil and soil parent material mainly comes from plant residues. The rootable depth ranges between 20 and 100 cm. Data of the following two large permanent field plots are used: In each plot, all trees that had a diameter at breast height (dbh) exceeding 1 cm were tagged and mapped, their species were identified, and their dbhs were measured. The two plots have similar species compositions, but they differed in v www.esajournals.org WANG ET AL. developmental stage and topography (Appendix S3: Fig. S1 ).
The NMF plot is located in a forest that represents a middle-to-late stage of succession. The elevation of the NMF plot ranges from 425.3 m to 525.8 m above sea level, and the topography varies largely. The last recorded tree harvesting activities took place about 50 years ago. The spatial distribution of tree species is influenced by the topography. The total study area was divided into four different habitat types (I, II, III, and IV) by Zhang et al. (2012b) who established specific relationships between tree species and habitat. Detailed descriptions of the topography and the habitat types in the NMF plot are presented in Appendix S1. The study area, which includes 30 woody species, was first assessed in August 2009 and remeasured in August 2014.
The MF plot is located in a forest that represents a late stage of succession. The forest was heavily disturbed by harvesting events about 60 years ago, and most canopy trees are now more than 150 years old. The topography in the MF plot is flat with elevations ranging from 459 to 517 m above sea level. The forest soil is somewhat poorly drained. The study area, which includes 33 woody species, was first assessed in August 2010 and remeasured in August 2015.
Productivity-diversity relationships at the community level
We are interested in the aboveground coarse woody productivity, which represents the longliving component of the net primary productivity (NPP). Tree diameter is highly associated with tree volume and biomass (Erskine et al. 2006 , Healy et al. 2008 . Thus, aboveground coarse woody biomass (AGB) of each tree was estimated using existing allometric models (Appendix S2: Tables S1 and S2). Based on the repeated measurement of tree diameter, the aboveground coarse woody biomass productivity (AGP, expressed in kg/yr) of a surviving tree was calculated as the mean annual increment of the AGB from 2009 to 2014.
To evaluate the scale effects of the PDRs, the research area of each forest plot was subdivided into continuous 20 × 20 m and 40 × 40 m subplots, respectively. The AGP within each subplot was calculated as the sum of the AGPs of all surviving trees. Species richness was also calculated for each subplot. The PDRs are presented as graphs containing the AGP and species richness at the two different scales. In addition, the PDRs were also tested in different habitats within the NMF plot.
A linear regression model was used to describe the various PDRs. The AGP was selected as the dependent variable and species richness as the independent variable. Significance levels of the regression models were calculated, and the goodness of fit was evaluated using the coefficient of determination (R 2 ).
Productivity-diversity relationships at the individual species level
Scale-dependent PDRs were also assessed for individual species. To satisfy reasonable sample sizes, the analysis was conducted only for the most abundant species represented by at least 30 individuals in each study area. In this analysis, 27 species in the NMF plot and 28 species in the MF plot were evaluated. For each combination of productivity index and the number of species surrounding the focal species, the following index of association is calculated to evaluate the relationship between productivity and species richness for a particular focal species:
where AI(r) is the index of association; N is the number of individuals of the focal species; SR i is the species richness (i.e., the number of species) surrounding the ith tree of the focal species within a specific radius r (r = 1…10 m); P i is the AGP (in kg/yr) of the ith tree of the focal species. To eliminate the dimensional effect of the variable units, SR i and P i were standardized by minmax normalization. When using a = πr 2 , the AI(r) function can also be expressed in terms of a circular area a. To avoid the sampling area of target individuals that is located outside the study area, we used a 10-m buffer zone along the plot perimeter. Thus, only individuals of the focal species within the inner plot were used to calculate the AGP of the focal species, whereas all observed trees in the entire plot were used to calculate the species richness surrounding the focal species.
Following Ripley (1976 , see also Dale 1999 , the statistical significance of the association can be examined using Monte Carlo simulation.
Assuming homogeneity, the spatial pattern has the same properties everywhere in the study area. We are using the homogeneous Poisson null model (HomP) to test the statistical significance of the hypothesis of homogeneity in the MF plot where the topography shows little variation. Ecological systems, however, often exhibit a variety of exogenous origins of heterogeneity, and the potential effects of a species-habitat association cannot be removed using a homogeneous Poisson null model. Thus, the HomP is not always satisfactory (Pélissier and Goreaud 2001) . Plant individuals are usually sensitive to local variations of habitat conditions, in which the habitat variations caused by variations in topography and soil properties, for example, can lead to a misinterpretation of plant-plant interactions (Zhang et al. 2012b) . Species-habitat associations may change the likelihood that a plant will be present at a given position and such habitat preferences can influence the spatial distribution of plant species (Nakashizuka 2001) . These potential effects can be eliminated by the heterogeneous Poisson null model (HetP) which we are using in the NMF plot to test whether the species-specific productivity is diversity dependent or neutral. In the HetP model, the simulated individuals are distributed in accordance with the local tree intensity of the focal species. The intensity function (based on Gaussian smoothing kernel density estimates) is used to calculate tree intensity of the focal species, by generating a regular grid of pixels and then evaluating the plant density at the specified pixels by linear approximation. The observed AI of a focal species was calculated from the observations. To test the significance of the productivity-diversity relationship, we simulated 999 species distributions using the given null models (HomP for the MF plot; HetP for the NMF plot). We calculated the simulated AI using the species richness surrounding the simulated trees and the observed productivity of the focal species. Thus, the statistical significance can be evaluated through comparing 999 simulated AI with the observed AI. If the observed AI is greater than that of the fifth largest of the 999 simulated AI, the PDR of the particular focal species is significantly positive; if the observed AI is less than that of the fifth smallest of the 999 simulated AI, the PDR of focal species is assumed to be significantly negative.
results
Productivity-diversity relationships at local community level
The PDR patterns are obviously scale dependent within the two observational areas (Fig. 1) . The AGP linearly increases with increasing species richness at the 20 × 20 m scale (NMF plot: R 2 = 0.69, P < 0.001; MF plot: R 2 = 0.84, P < 0.001). However, at the 40 × 40 m scale, a significantly positive PDR was only observed in the MF plot (R 2 = 0.63, P < 0.01). To examine the possible impacts of habitat differentiation, the PDR patterns were evaluated in the four different habitat areas of the NMF plot. The AGP shows significantly positive relations with species richness on steep slopes and high lying areas (habitat type II: R 2 = 0.63, P < 0.01; habitat type IV: R 2 = 0.59, P < 0.01), but not on the lower plateau and the lower gentle slopes (habitat types I and III; Fig. 2) . Thus, the PDRs appear to be strongly affected by the habitat differentiation in the NMF plot.
Productivity-diversity relationships at the individual species level
The PDR curves show obvious differences among the focal species in both observational areas (Fig. 3) . Considering habitat heterogeneity and the strong species-habitat associations in the NMF plot, the departure from neutral of observed PDRs in individual species can be tested by a heterogeneous Poisson process. The analysis revealed that 66.7% of all focal species exhibited positive or negative PDRs, respectively (Appendix S3: Fig. S2 ). When the influence of topographic heterogeneity is ignored in the MF plot, the departure from neutral of individual species can be estimated using a homogeneous Poisson process. We found that 64.3% of all focal species exhibit positive or negative PDRs (Appendix S3: Fig. S3 ).
The proportion of species showing positive or negative PDRs for which the observed AI was >95% or <5% of the simulated AI, respectively, was counted at each scale to examine the scale effects. In the NMF plot, the proportion of species showing negative PDRs increases almost linearly to a peak value of 44.4% at close range (r = 3 m), and then decreases gradually to 14.8%. The proportion of species showing neutral PDRs exhibits an opposite tendency with increasing spatial v www.esajournals.org WANG ET AL.
scale. Interestingly, very few species exhibited a positive PDR within their neighborhoods (Fig. 4a) . In the MF plot, the proportion of species showing negative PDRs peaks at very close neighborhoods (r = 2 m) and then decreases gradually to 7.1%. The proportion of species showing positive PDRs displays an overall downward trend, while the proportion of species with neutral PDRs displays an overall upward tendency with increasing spatial scale (Fig. 4b) .
dIscussIon
Diversity and productivity: the community perspective
Forest productivity is often positively correlated with species richness in different communities, and a number of studies have tried to identify general PDR patterns that are valid for any plant community. Zhang et al. (2012a) performed a meta-analysis of 54 studies to reconcile PDRs among various forest biomes. They found that forest productivity increases monotonously with species richness. Vilà et al. (2007) examined the relationships between woody productivity in forests and species richness among geographical regions by comparing more than 5000 permanent plots distributed across Catalonia in northeastern Spain. They found that across regions with different environmental conditions, a significantly positive association exists between species richness and woody productivity in early-successional stage Mediterranean forests. Other studies found that the PDRs may be either neutral, unimodal, or negative within a sampled plant community (Wilson and Tilman 1991 , Gross et al. 2000 , Safford et al. 2001 . The PDRs in our study show obvious scale dependency at the community level. In a multispecies forest, the biomass productivity will be determined by relatively few overstory trees close to the edge of the subplot. These larger trees may be located either just inside or outside of the subplot, and this will result in considerable variation in the AGP. The influence of that particular effect is relatively small at large subplots because only a small proportion of the trees will be close to the edge of the subplot. Our results show that the explanatory power of the linear model decreases with increasing scale in both observational study areas, probably because the PDRs are partly affected by this edge effect.
Positive PDRs predominate in both observational study areas at the community level. However, habitat heterogeneity was identified as a key influence on the PDRs, a high niche frequency showing higher spatial variability than more homogeneous regions (Belote et al. 2011) . Considerable habitat heterogeneity is found in the NMF plot (Zhang et al. 2012b) . Habitat types I and III, located on the lower plateau and the lower gentle slopes, respectively, are characterized by moist and wet soil conditions. Habitat types II and IV on steep slopes and high areas, respectively, are characterized by well-drained soils (Appendix S1: Fig. S1 ). Corresponding to these differences, the PDRs are significant in habitat types II and IV, but not in habitat types I and III. Thus, it appears that at the community level, the PDR is habitat dependent.
The PDR pattern is the consequence of the accumulation of consecutive interspecific interactions at the community level. In the case of high site productivity, species diversity enhances productivity because of niche differentiation and facilitative interactions between species and improved utilization of available limiting resources. Under such conditions, increased productivity can be attributed to species complementing each other for optimum total resource use (Tilman et al. 1997a , Hector 1998 . When species diversity reaches a certain degree, the productivity may also peak at intermediate diversity levels due to a saturation in resource utilization. If species diversity continues to increase, the productivity will peak and reach a plateau or decline again because of interspecific competition.
High richness of woody plant species is a hallmark of many tropical forests (Gentry 1988 , Givnish 1999 ), but woody species richness is relatively low in temperate forests. For example, there are only 31 woody plant species in the NMF plot and 33 in the MF plot. Resource utilization by the relatively few species may perhaps rarely reach a saturation condition in a temperate forest, and PDR pattern can therefore be explained rather well by positive interspecific interactions in such forests.
Diversity and productivity: the individual species perspective
In addition to the community level, the individual species level was also considered (Waide et al. 1999 , Mittelbach et al. 2001 . The average distance between trees with a dbh ≥ 5 cm is 3.2 m in NMF and 3.6 m in MF. These values were calculated, following Nilson (2006) , by the square root of 10,000/N, where N is the number of trees per ha. Up to a circle radius corresponding to that average spacing, the proportion of species with positive or negative PDRs reaches a peak value (Fig. 4) . Interestingly, that peak corresponds with the average spacing between trees. Similar to these results, Wiegand et al. (2007b) also found that significant plant-plant interactions appear mostly within 2-4 m around the focal plant. Specific plant-plant interactions determine processes and phenomena at close neighborhoods of focal species, where interspecific interactions are particularly strong and spatial heterogeneity is relatively low (Huston 1999) .
A large number of studies have focused on the role of competition in structuring a forest community (Seifert et al. 2014) . Competition may explain PDRs at the community level, specifically monotonic and unimodal responses (Abrams 1995 , Xiao et al. 2010 . But how exactly interspecific interactions generate a particular PDR pattern at the community level is difficult to ascertain. Interspecific competitive interactions can be regarded as relationships between different species that result in inferior growth and survival of individuals for at least one species involved in the interaction that negatively affects the other species (Hacker and Gaines 1997) . Therefore, competitive interactions are likely to result in less diverse neighborhoods than expected and may decrease the average individual fitness of at least one species within the neighborhood. Based on the individual species-area relationships (ISAR) and the theory of competition asymmetry (Wiegand et al. 2007a ), a new approach named mISAR was used to identify tree species acting as diversity accumulators or repellers. According to the ISAR and mISAR results, the majority of the studied species act as diversity accumulators, especially at distances closer than 10 m (Zhang et al. 2014) . Therefore, the diversity-promoting interactions are likely to increase the local species diversity in our study area. Hacker and Gaines (1997) also found that diversity-promoting interactions can increase species diversity by at least 35% in a New England salt marsh community. Greater species richness in turn increases the chance of interspecific competition around the focal species.
Regional processes such as dispersal limitation, seed availability in adjacent areas, and regional climate may not affect close-range neighborhoods because PDR patterns of individual species are mainly driven by the different interspecific effects among immediate neighbors. In our study, the PDRs of individual species were dependent on the net effects among numerous direct interactions between a focal species and other species in its neighborhood. If the facilitative interactions dominate, the focal species will exhibit a positive PDR in its immediate proximity; otherwise, the PDR will be either negative or neutral. A neutral PDR of the focal species occurs when the facilitative and competitive interactions are balanced. Our results show that more than half of the focal species exhibit significant deviation from a neutral PDR in both study areas. Facilitative or competitive interactions were clearly dominant. Forest structure is not static, but usually changes with forest development (Finegan 1984 , Gadow et al. 2016 . The NMF study represents a middle-to-late stage of succession, which has a higher stem density and species diversity compared with the late-successional MF plot, and we may assume that the low-density MF plot has a higher level of resources available to individual trees. Thus, competitive interactions are more frequent in the NMF plot when compared with the MF plot (Fig. 4) .
In addition to the habitat aspects discussed above, the PDRs of individual species may be associated with their specific morphological characteristics and nutritional requirements. Some congeneric species (e.g., Ulmus laciniata vs. Ulmus davidiana var. japonica; Acer mandshuricum vs. Acer mono) showed surprisingly coincident PDR patterns at most of the studied scales. These congeneric species exhibit similar morphological traits, similar competitive ability, and similar shade tolerance. Future research is required to evaluate the PDRs of groups of species with similar traits.
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